INTRODUCTION
Photosynthesis in halobacteria is based on bacteriorhodopsin's (BR) action as a light driven proton pump. The biochemistry, the biophysics, and the photochemistry of BR have been subject of intensive investigation (1) .
In the cell membrane of Halobacterium halobium, BR forms a two-dimensional hexagonal lattice (the purple membrane), where three BR molecules are close enough to form excitonically coupled trimers. BR contains 248 amino acids and one chromophore, the retinal molecule, which is bound to lysine 216 via a protonated Schiff base. Retinal in BR occurs in two configurations: the light-adapted state is an all-trans configuration and has trans (or anti) configuration at the C-N (15, 16) double bond (2) . This state is active in proton pumping. Upon extended incubation in the dark part of the molecules convert into a 1 3-cis, 1 5-cis (or syn) configuration (3), which is inactive in proton pumping.
Light absorption substantially changes the optical properties of bacteriorhodopsin, indicating a series of reactions of the retinal chromophore within the protein matrix. Excitation of the light-adapted BR starts an optical cycle (photocycle) with several intermediates named J, K, L, M, and 0. They are characterized by their different absorption properties (4, 5) . The cycle is completed within 10 ms at room temperature, returning the system to its initial form. The first intermediates store sufficient energy to mediate the active proton transport and to drive the system back to its initial state. The absorption changes during the photocycle are caused by configurational changes of the retinal chromophore and by deprotonation and subsequent BIOPHYS reprotonation of the nitrogen atom at the Schiff base (1) . Light-adapted BR contains the retinal in the all-trans form, whereas the early photoproduct K formed within several picoseconds and stable for -1.5 ,us was reported to contain the isomerized 13-cis retinal (6) (7) (8) . Picosecond studies of BR containing a modified retinal (9, 12-phenylretinal) strongly suggest isomerization of the native BR in the very early steps (9) . On the other hand, the deprotonation of the Schiff base appears to be a much slower process. In the state K the Schiff base is still protonated (10) . Only 50 ms after excitation, during the formation of the intermediate M, the Schiff base loses its proton (1 1).
Of special interest are the very first events of the photocycle, where-during the formation of the intermediate J and K-the optical energy is stored in the BR molecules. Several publications have addressed the primary events (12) (13) (14) (15) (16) (17) (18) (19) (20) . Time resolved fluorescence and absorption techniques have been employed. Unfortunately, the results were not unambiguous. (a) The fluorescence lifetime of BR was measured to be 15 ps (13) or <2 ps (20) . (b) The formation time of state K was said to be 1 ps (18) and 11 ps (16) . (c) Upon deuteration of the Schiff base an isotope effect of 1.6 for the rise time of the intermediate K was reported ( 16) . The latter is difficult to reconcile with the fact that the Schiff base is protonated in BR as well as in the intermediates J and K.
In view of this situation we performed experiments searching for a consistent picture of the early events of the photocycle in bacteriorhodopsin. We report on timeresolved picosecond investigations of the emission and absorption properties of BR. The laser excitation/detection system used allowed excitation by single pulses with $1.00 651 low repetition rate and at low intensities. This avoids possible excitation of BR into higher lying states and rules out interference of photoproducts. The time resolution of 0.5 ps was sufficient to study the first excitated singlet state of BR and the first two intermediates J and K. Our experimental results provide a first complete and consistent description of the primary photochemical events in BR. (c) A picosecond light continuum was generated in beam 2, and various frequency components were selected by interference filters with a bandwidth of 10 nm.
GLOSSARY
The frequency shifted probing pulses were subdivided into two parts that both traveled through the sample. One pulse monitored excited molecules, while the other pulse served as a reference. The diameter of the exciting beam was larger than that of the probing beam to keep the excitation constant over the probed area. The two probing beams transmitted through the sample were imaged onto the photo-diodes of a difference detector. The difference detection system of high precision Time resolution and time zero were deduced after each measurement from the cross-correlation trace between exciting and probing pulses measured in a nonlinear crystal. In the general practice of nonlinear optics, time resolution is understood as the shortest time constant of a dynamic process that can be measured with a given experimental system. Time resolution depends strongly on the experimental conditions such as: (a) Duration of the light pulses, (b) steepness of the wings of the light pulses, (c) temporal correlation between exciting and probing pulses, (d) precision of data acquisition and (e) signal-to-noise ratio. If the time constants to be measured are shorter than the halfwidth of the crosscorrelation function, it is obvious that deconvolution procedures have to be used to deduce the molecular time constants. A demonstration of the time resolution of the experimental set-up used in our experiments is given in reference 22 . These results demonstrate the capability of our equipment to measure time constants down to 0.3 ps. The experimental conditions of reference 22 were very similar to the conditions in the experiments reported here.
Time resolved fluorescence studies were made using the frequency doubled picosecond pulses of the Nd-glass laser system for excitation of the sample (X, = 527 nm) and a streak camera to record the fluorescence emission. The time dependence of the fluorescence (X -570 nm) was corrected for nonlinearities of the camera.
The stationary fluorescence spectrum was measured with an argon ion laser (Xe,, = 514 nm) as excitation source at an intensity level in the sample of 10-3 W/cm2. A monochromator/photomultiplier combination was used to record the spectrum with a spectral bandwidth of AX = 3 nm. Fluorescence was corrected for reabsorption of the sample and for the spectral sensitivity of the detection system.
Special care had to be taken when the fluorescence of BR was measured. Since the fluorescence is very weak, several tests were performed to assure that the fluorescence of BR was indeed observed. Fluorescence from intermediates in the photocycle was excluded by measuring at low excitation levels (increasing the excitation by a factor of 10 did not change the fluorescence spectrum). Fluorescence from impurities could be ruled out by the following experiment. A membrane suspension in which BR was converted to the apoprotein bacterioopsin (25) was measured and no fluorescence emission of this sample was found. The fluorescence quantum yield qf was determined by comparing the BR fluorescence emission with that of the dye oxazine-1 in ethanol (if = 0.1 1) (26). Fig. 2 shows the absorption and the fluorescence spectrum of light-adapted BR, both being similar to previously published spectra (27) . The absorption band is very broad and extends from the near ultraviolet (UV) to the maximum in the visible -570 nm. The fluorescence band is also broad and featureless. POLLAND ET AL. Early Picosecond Events in the Photocycle ofBR 10'0 W/cm2 a reversible bleaching is observed, i.e., the transmission of the sample returns to its initial value within the pulse separation of 4 s. At higher intensities an irreversible destruction of the sample occurs.
RESULTS

Fluorescence Spectrum
For this reason, in our excite and probe experiments a weak excitation of IO = 170 MW/cm2 was used. At this intensity 1O% of the BR molecules absorb one photon per pulse. This light energy, when applied to the BR sample within 4 ps, approximately corresponds to the physiological condition of sun light falling onto the same sample within the turnover time of BR, i.e., 10 ms. In other words, the same number of BR molecules start a photocycle when excited with the laser beam as are cycling under constant illumination by sun light.
Transient Absorbance Changes of BR on the Picosecond Time Scale (Fig. 3 a) . After tD > 15 ps the absorbance change remains constant for the experimental time of 300 ps (Fig. 3 b) .
the BR absorption band. The absorbance change induced by the exciting pulse AA = A (tD) -A(-oo) is plotted vs. the delay time tD. The absorbance decreases rapidly during the excitation indicating a depopulation of the ground state and the population of the excited singlet state SI of BR.
The absorbance decrease reaches its maximum at tD = 2 ps. At later delay times the absorbance recovers to some extent with a time constant of 5 ps. Delaying the probe pulse by > 15 ps reveals a constant absorbance change AA, which remains during the total observation time of 300 ps (Fig. 3 b) . 
Transient Difference Spectra
The spectroscopic properties of the intermediates J and K may be deduced from the absorbance change measured as a function of wavelength at certain fixed delay times. In Fig. 6 the full circles represent the difference spectrum of BR and K taken at tD = 100 ps. At this late time the difference spectrum is solely related to the state K. In the spectral range of the BR absorption band around X = 570 nm the absorbance decreases, i.e., BR molecules are transformed to the intermediates K. The higher absorbance -610 nm indicates that the absorption of the state K is red-shifted, relative to the absorption of light-adapted BR. The difference spectrum taken at tD = 5 ps (open circles in Fig. 6 ) reflects contributions from both, K and J.
Comparison with the data at tD = 100 ps gives information on the spectral properties of the intermediate J. J has an absorption spectrum similar to that of K, but is more red-shifted. For a quantitative determination of the absorption spectra J and K, the excitation density and the relative efficiency ij for the formation of the intermediates J and K after excitation of BR must be known. They are presented in the Discussion below.
We also measured the absorbance increase AA of K (X = 670 nm, tD = 100 ps) as a function of the angle between the 500 600
Wavelength X Enma FIGURE 6 Difference spectra of light-adapted bacteriorhodopsin measured at delay times tD = 5 ps (circles, dashed line) and tD = 100 ps (full points, solid line) after excitation at X, = 540 nm. The curve at 5 ps provides information on both intermediates J and K, whereas the curve at tD = 100 ps solely reflects the absorption properties of K.
polarization of the exciting and probing pulses. The dichroitic ratio was found to be AA,,,/AAi = 2.6 ± 0. nm, intensity I = 0.1 W/cm2). Peaks at 1,621 cm-(BR in D2O) and at 1,642 cm-' (BR in H20) were found. They have been assigned to the C N stretching vibration of the deuterated and protonated retinal Schiff base, respectively (30) (31) (32) . Our deuterated sample exhibits only the band at 1,621 cm-'. From these data it can be estimated that at least 90% of the Schiff base hydrogens are replaced by deuterium.
The measurements of the transient absorbance changes described in the Transient Absorbance Changes of BR on the Picosecond Time Scale section were repeated with the deuterated samples, but no indication of a deuterium effect was found. The transient absorbance curves of deuterated and native BR are identical. As an example, the results at three probing wavelengths Xpr = 492, 575, and 675 nm are depicted in Fig. 7 BIOPHYSICAL JOURNAL VOLUME 49 1986 experimental data presented above. The dynamics of the model are described by rate equations. Quantitative information of the absorption spectra of the first excited singlet state of BR and of the intermediates J and K are elicited by fitting calculated curves to the data points of Figs. 3-5. Next, the influence of the trimeric nature of BR on its photophysics is discussed. Finally, the observed intermediates are related to molecular processes of retinal in the protein matrix.
Model of the Early Events of Bacteriorhodopsin
In the previous sections we presented a series of observations that point to very rapid processes during and immediately following optical excitation of BR. The most simple model that is compatible with out results is schematically depicted in Fig. 8 (10) and with
for j= 1, 2, 3 (11) where K(t) stands for the cross-correlation function between exciting and probing pulses. The maximal number of 3 for j reflects the minimal number of differential equations necessary for the description of the model. The relaxation times r1, T2, and 73 are those of BRsl, J, and K.
The transformation made here has the advantage that Eq. Figs. [4] [5] [6] represent the best fit using Eqs. 7-11, where r1 = 0.7 ps, 72 = 5 ps, and T3 = c. To test the precision of the time constants we changed T, from 0.7 to 1.2 ps. This resulted in a considerable decrease of the quality of the fit measured as an increase of the mean deviation by a factor of 20. With the help of the a's the absorption cross sections a, of the three states BRsl, J, and K are determined. Repeating this procedure at the various wavelengths, the absorption spectrum of BRs1 is deduced. Spectra of photoproducts J and K are obtained from the measured difference spectra of Fig. 6 by using the above mentioned time constants r, -T3 and the quantum efficiency j.
In the rate equations and in the equations of the coefficients a, (Eqs. 8-10) the efficiency qj for the formation of the state J enters. Unfortunately, there exists considerable uncertainty in the literature on the efficiency X of the photocycle of BR. Some papers report values of i1 = 0.3 (33-37), whereas higher efficiencies of q = 0.6 have been found by other authors (38) . On account of this uncertainty we made the calculations for the absorption spectra for the two values of qj.
The absorption spectra of the two intermediates J and K are depicted in Fig. 9 together with the absorption band of BR. The spectra are obtained applying Eq. The extinction coefficient of the J intermediate comes out to be unreasonably small at short wavelengths, if ij = 0.3 is assumed (see Fig. 9 a) . (c) The intermediate K on the picosecond time scale is likely to be identical with the previously described K state on the nanosecond time scale; i.e., the peak of the K band at 590 nm in Fig. 9 b (7j = 0.6) agrees well with the K intermediate on the nanosecond time scale (4).
We now turn to the discussion of the absorption crosssection of the first excited singlet state #BRSI. As pointed out above, a significant excited-state absorption occurs only at very early times (at tD around zero). The analysis for 0BRS, is simplified, since in this early time domain the formation of the K intermediate is negligible, i.e., NK = 0. Inspection of Eqs. [7] [8] [9] [10] [11] [12] shows that TBRSI = CBR + a, + a2 + a3 iS independent of 77j.
In Fig. 10 Fig. 10 for convenient comparison of the ground and the excited state, CTBR, and UBRS,, respectively. According to the data of 
Trimeric Structure of Bacteriorhodopsin
Up to now we have considered BR as individual protein units. However, in the purple membranes investigated here three BR molecules are arranged around a threefold axis to form a trimer, which in turn builds up a hexagonal two-dimensional lattice (1) . The absorption bands of the trimers and monomers are similar (40) . Evidence for the existence of trimers comes from the circular dichroism. These measurements support an excitonic coupling within the trimer with a binding energy of =200 cm-' (41, 42) . The coupling leads to a delocalization of the excitation energy over the three BR molecules of the trimer. (Fig. 12 c) . The change of the configuration of the retinal has profound consequences by changes in the sterical and electronic interaction of retinal and the protein. The distance of the positively charged nitrogen and its counterions presumably increases (seen by the red-shifted absorption maximum of J) and the retinal moiety exerts a strong pull on the polypeptide chain via the lysine methylene groups. It is interesting to note that the rotation of some of these methylene groups in the molecular model relaxes somewhat the steric strain (Fig. 12 d) , which might be reflected by the transition from J to K. Another explanation for the spectral changes assigned to the transition from state J into state K would be the following: Upon transition from the excited electronic state to the ground state a considerable amount of energy is lost in the retinal that heats the molecule. The increased temperature may cause changes in the absorption spectrum that decays with the cooling of the molecules. Experimentally, such processes are found to occur on the picosecond time scale (47) . When this interpretation holds, the intermediates J and K differ only by the temperature of the chromophore in the sample.
With the transition into the ground state intermediates energy is stored via the change in the electronic and steric interactions compared to BR prior to excitation. This energy amounts to -15 kcal/mol (48) and is used to drive the photocycle to completion as well as to deliver part of this energy to the proton to be translocated during the catalytic cycle. The fact that this energy of 15 kcal/mol has to be compared with 11.5 kcal/mol for a rotation around the [13] [14] double bond (49) provides the second argument for a concomitant 13-14, 14-15 bond rotation upon excitation. This reaction would only be thermoreversible at the expense of 42 kcal and, therefore, be a configuration that allows the storage of the 15 kcal/mol observed experimentally (49) .
Recently, resonance Raman spectra of BR and K were obtained that aimed for the identification of single-bond stretching modes. Interpretations of these spectra based on model calculations claimed that no 14 s-cis bond rotation is involved in K-formation (50) . Improved model calculations based on the complete retinal molecule, however, are consistent with a 14 s-cis rotation (51) . Only further experimental and theoretical investigations will finally answer this important question.
In conclusion, the data presented here allow a consistent description of the primary events of the photocycle of bacteriorhodopsin: absorption of a photon promotes bacteriorhodopsin onto the potential surface of the first excited electronic state. Here, the state BRs1 is reached. The rapid transition into the first ground-state intermediate occurs with 0.7 ± 3 ps (430 ± 50 fs) (52 
